A key question in the study of Mars is water exchange between atmosphere and surface on daily, seasonal, and astronomical timescales. We believe that small-scale processes axe a key for enhanced understanding of the global water behavior of Maxs. The principal data for this study of small scale properties of the Martian surface were collected by the second Viking lander (VL 2) and by both Viking orbiters. The annual deposition and retreat of the frost layer were observed in situ by VL 2. The frost is inferred to be H20 frost but with some properties suggesting a much thicker layer than would be expected from the simple mass balance calculation. Our original contribution is in considering the effect of cold trapping (frost redeposition) which has been previously neglected and which enables us to reconcile all the observations with environmental conditions. In addition, we believe that this study points to a more general phenomenon of cold trapping in the Maxtian environment. Our study of the VL 2 observations suggests that H20 frost occurs in two forms: (1) thin, almost continuous, eaxly frost and (2) much thicker, patchy, later frost. Both frost forms contain essentially the same total water content, but they cover different fractions of the surface. The transition between the two frost forms occurs by recondensation at local cold traps when solax insolation sublimates the first frost but the atmosphere is still too cold to transport the resultant water vapor away. These cold traps axe created by shadowing from the small-scale surface roughness, rocks, troughs, etc. This hypothesis hinges on the dispaxity between local and long-range transport of water vapor by the atmosphere. The local transport is driven by abundant insolation energy available at the time of transition. This results in a laxge fraction of surface frost being redistributed rapidly into locally thermodynamically preferable locations, cold traps. Long-range transport is constrained by the atmospheric caxrying capacity. At the time of transition, the atmosphere is still cold, not far from its winter minimum, and is almost saturated 
INTRODUCTION
A key question in the study of Mars is water exchange between atmosphere and surface on daily, seasonal, and tronomical timescales [Jakosky, 1985] . The data from the Mariner 9 and Viking spacecraft present convincing evidence that substantial amounts of water modified the surface of Mars in the past [Cart, 1986] . However, at present, observable water exchange is limited to the dynamic behavior of the polar caps [Leighton and Murray, 1966] and to occasional frosts, fogs, and clouds [Christensen and Zurek, 1984] .
We believe that small-scale processes are a key to enhanced understanding of the global water behavior of Mars. The principal data for this study of small scale properties conclusion has to be reconciled with the result of the Wall of the Martian surface were collected predominantly by the study. Hart and Jakosky [1986] suggested that frost phosecond Viking lander (VL 2) (with its more poleward loca-tometric properties can be consistent with 10 gm of H20 tion) and by both Viking orbiters. The annual deposition frost. But we think that there are two problems with this as well. This first conclusion (H20 ice composition) follows closely the previous result of Hart and Jakosky [1986] . Our original contribution extending the previous work of Hart and Jakosky [1986] is twofold: First, we have considered in depth the photometric data obtained by an VL 2 imaging experiment and have been able to reconcile those with the calculation of thermodynamic stability of VL 2 frost. Second, we have developed a more detailed model of the water vapor transport in the boundary layer on Mars during the frost sublimation and redeposition. This model is an enhancement to a simpler model of Ingersoll [1970, 1974] and Toon et al. [1980] derived from terrestrial approaches. This model produces as its consequence a cold-trapping (frost redeposition) mechanism which has been previously neglected and which enables us to reconcile the "thick layer" results of Wall [1981] with the thermodynamic analysis of Hart and Jakosky [1986] . Our analysis of VL 2 frost is sufficiently complete to lead us to argue that some form of cold trapping This hypothesis hinges on the disparity between local and is constrained by the atmospheric carrying capacity. At the time of transition, the atmosphere was still cold, not far from its winter minimum, and was almost saturated by residual water vapor (5-8 precipitable micrometers). Therefore it cannot have carried much additional water vapor to lower latitudes. This disparity delayed the global transport of water vapor by the atmosphere. In the next section of this paper, we present the environmental setting of the observational platform (Viking Lander 2) and summarize the data used in our study. In the third section, we describe the proposed concept and the physical processes operating at the VL 2 site. In the fourth section, we present the quantitative tests to which we subjected our hypothesis. In the fifth section, we discuss extensions of the concept to other situations as well as its limitations and delineate possible tests using future data. Last, we summarize of the concept of cold trapping at the VL 2 site and discuss its implications. Figures 2 and 3) . A selected fraction cally preferable locations, cold traps. Long-range transport of these images was used by us (Table 1) (Table 2 ).
This sequence was taken during the both winters and the measurement was repeated for both. The color change was measured by comparing DN values of frost, calibration target, lander cover, and bare soil in three color bands (red, sensor was included as a part of the more comprehensive meteorological package and was measured at a height of about 1.5 m. The Viking orbiter infrared radiometer (IRTM) in its 15-/zm band provided an indication of atmospheric temperature corresponding to a height of about 25 km [Kieffer et al., 1977] . This is about the maximum altitude where water vapor can make a noticeable contribution to the total atmospheric column under most of conditions. The possible exception is a temperature inversion which can happen under either one of these two conditions: (1) a vigorous dust storm or (2) surface covered by CO2 frost. At these conditions, most of the water vapor can be stored at this altitude of 25 kin. However, the season of our study is after the global dust storm, there is permanent CO2 frost deposit on the surgreen, and blue). Only relative color change (comparing face, and the large-scale thermal inversion at this latitude different areas of frost) is required for the sake of the argument in this paper. Absolute color information is difficult to obtain because of uncertain calibration of cameras and poorly quantified effect of atmospheric scattering. For our analysis, the relative color change is important only at the time of transition between two frost forms.
Measurement of the frost brightness and color as a function of phase angle could yield further clues about the Martian soil roughness and frost deposition mode on the surface. However, as these are not directly relevant to this topic, they are not pursued further here.
A tmoapheric Temperature
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Atmospheric Water Vapor
Later we used the thermal structure of the atmospheric boundary to calculate the atmospheric holding capacity and relative humidity. Results are summarized in Figure 6 [Sutton, 1953] , and (4) theoretical calculations [Holton, 1979; Priestley, 1959; Plate, 1971] . More details will be presented in the relevant subsection on the physical processes of the proposed model. However, there is important distinction regarding the calculation of vertical transport of water vapor from the surface to the atmosphere. On Earth, the greatest obstacle is formed by the boundary sublayer just above the surface (less file could increase water vapor column abundance, probably than Im). Once the water vapor gets above this sublayer, combined with the transport from the lower latitudes. How-then further vertical transport is relatively fast compared ever, this effect becomes less important later (Ls > 300 ø) with rate of saturation of the atmosphere with water vapor. because the atmosphere clears significantly and gets cooler. Therefore a simple two-layer model can be used (Figure 7 ) Also, water vapor at these altitudes does not readily ex-(diffusion from infinite source (surface, e.g., ocean) to very change with the surface on the diurnal timescale. Therefore large reservoir (atmosphere above the boundary sublayer) our calculations do not specifically apply to the possible water vapor which can be stored at these higher altitudes.
Atmospheric Transport
For the purpose of this study, it is necessary to estimate the vertical mixing and horizontal transport of water vapor in and out of the Martian atmosphere. This is, as might be expected, poorly known. In addition to the set of lander meteorology measurement (performed at the fixed through narrow conduit (this boundary sublayer)) [Brutsaert, 1982] . In the first approximation, the rate of vertical transport which depends on the relative humidity above the boundary sublayer is not a function of itself. The transport above is fast enough to diffuse water vapor away into higher altitudes from above this sublayer. This keeps the relative humidity above the boundary sublayer only a slowly changing function of the vertical transport.
The situation on Mars is quite different. Another important parameter for this study is surface temperature. This is required to calculate the frost stability on ground. Several sources of data were originally sought in order to assure the realistic understanding of the surface Earth [Ingersoll, 1970] . This free convection environment does not practically limit water vapor sublimation; in this case the frost sublimation is limited by solar energy input. Even if the situation described above requires in principle very little water vapor to decrease the average molecular weight of the gas, in the practical situation the inertial forces will limit this phenomenon to rather high mixing ratio of water vapor to carbon dioxide which in turn is possible only at a temperature closer to the melting temperature. Therefore forced convection is the most probable concept for the water frost sublimation at the VL 2 site. Knowledge of the wind profile of the boundary layer is necessary in order to quantify this loss mechanism. Diffusion using an eddy mixing coefficient represents the simplest approach (see later in this section).
Condensation of Frost
The opposite process to sublimation is condensation. Careful understanding of this process is required for any cold-trapping hypothesis. Water vapor is depleted from the atmosphere by coming into contact with the surface at a temperature lower than the temperature corresponding to the water vapor partial pressure pv(T). This "cold finger" mechanism is complicated on Mars by the presence of noncondensable gas, CO2. Therefore water vapor has to diffuse in on the surface from the CO• atmosphere and latent heat has to get away, by radiation, conduction, or convection. 
Thermal Balance of Thin Frost Layers
When describing the thermal balance of thin ice layers, several nontrivial effects must be considered: albedo, thermal emissivity, phase function. The effectiveness of masking underlying color (i.e., red soil) of substrate depends on the frost structure (grain size and form of deposition) as well as the thickness. Therefore a precise calculation is very difficult, but experimental data [Clark, 1980; Warren, 1982] are consistent with our assumptions and measured optical properties: The water frost layer thickness of about 10-20
•um (early frost covering completely the surface) will not be able to mask the underlaying red color of the substrate, so the frost will have reddish tint. The water frost layer which is 100-200 •um thick (which is suggested for the later frost in cold traps) could have a largely white color, if we ignore a possibility of contamination by dust.
One interesting suggestion is the solid state greenhouse effect caused by solar heating beneath an ice layer. However, the key argument is that no significant temperature gradient can be sustained by such a thin layer, as can be shown by a simple numerical analysis (B. Jakosky, personal communication, 1989).
In addition to this effect, the reverse phenomenon has to be considered as well, which we call "inverse" greenhouse effect lacking better terminology. By this, we mean the effect of thinness of the frost layer on thermal emission from the frost. Because the frost changes the color of the surface, it has to absorb some fraction of sunlight. However, the expected early frost thickness (10-20 •um) is about the same as a thermal wavelength. This could cause the emissivity to be significantly lower than unity which would not allow the frost to reradiate all the solar radiation that it receives in shorter wavelengths. This excess energy would have to be conducted into the underlaying soil and thus would cause a thermal gradient at the frost/soil interface. The frost will be warmer than the soil, which is quite opposite to what is normally understood as a solid-state greenhouse. However, as in the previous paragraph, any thermal effect will be negligible for such a thin layer. But this implies that it may be quite difficult to see such a frost layer in thermal The net effect of this increase of thermal inertia will be an increase in frost stability, therefore a decrease in the overall rate of sublimation. This is because most of the frost sublimation occurs during the peak temperature in the day, and this peak temperature is lower for the higher thermal inertia.
Calculated Frost Thickness
In our work, we have used a simple one-dimensional finite difference thermal diffusion model with the radiative bound-ary condition on the top, with the latent heat contribution from H20 sublimation and deposition, and with the proper solar insolation geometry.
We have adjusted values of the atmospheric optical depth and thermal infrared atmospheric downward flux until we were able to replicate the IRTM surface temperature measurement. This was with no frost deposition or sublimation.
Third, the primary constraint on the behavior of water frost at this site is overwhelmingly the atmospheric effects Figure 9 are overestimated by a factor of several. But the purpose of this exercise is threefold. First, it predicts a fairly accurate time when the net sublimation of water frost exceeds the net deposition and therefore when we should expect the frost layer to break up. Second, it shows that the difference between net sublimation for the fully illuminated frost and shadowed frost is about 20 ø L8 (which is consistent with the Viking Lander 2 images). stable for up to 80 sols).
The work described in this section follows closely a previous study of Hart and Jakosky [1986] . In addition, we have added the consideration of shadowed frost and further extended the model with boundary layer transport and frost recondensation. We believe that these three effects (shadowing, boundary layer transport, recondensation) have profound implications for behavior of water at VL 2 site and possible at other locations.
Boundary Layer Transport
To deal with water vapor mixing and transport in the boundary layer adequately, we have striven to create a welldefined subset of assumptions which would be consistent with the inadequately known structure of the atmospheric boundary layer on Mars. The components of the wind in the boundary layer are u = <u)+ u' w = <w> + w' where (u> and (w> designate the mean velocity and u' and w • designate the deviation from the mean. We are considering only the two-dimensional model with horizontal and vertical winds. We also assume the vertical atmosphere motion will average to zero ((w / -0). We further assume the logarithmic wind profile [Holton, 1979] 
QUANTITATIVE TEST OF MODEL AT VL 2 SITE
In this section, we compare the environmental observations with expectations based upon our model. First, we present arguments based on the changes in frost surface coverage and its timing of transition as compared with frost stability. Second, evidence from the water vapor column abundance and the vertical transport in the Martian atmosphere will be discussed. Also note the steep slope of the solar heat input and its derived frost sublimation capability. It means that for a large portion of winter, insolation substantially lacks the energy necessary to sublime a significant amount of water frost. However, once it reaches this capability, any realistic frost layer will be sublimed very quickly (within a few days) and frost is stable only in sheltered areas, cold traps.
Water Vapor in Atmosphere: Holding Capacity and Vertical Mixing
Further tests of the model at VL 2 site can be based on the MAWD data on water vapor column abundance and its relation to the atmospheric transport of water vapor. Meridianal transport of water vapor has to be limited for sublimed water vapor to be redeposited in local cold traps. Otherwise, meridianal transport will advect water vapor equatorward where it does not have to be deposited as a surface frost because atmospheric holding capacity is large compared with amount of sublimed water vapor. Meridianal advection at the boundary layer itself is quite limited; water vapor has to get mixed in the atmosphere above this layer. This requires rather substantial vertical mixing of the water vapor toward altitudes above the boundary layer. In reality, the vertical mixing is limited at this latitude and season because of close to saturation of the atmosphere. For most of the winter, atmosphere at this latitude (VL 2 site) is saturated with water vapor during the night and above the thermal boundary during the day. This statement is based on the atmospheric temperature data and on the MAWD data (compare Figures  5 and 6 ). There were about 5-8 precipitable/•m of water in the total atmospheric column (most of it within the first two scale heights). This is also supported by the evidence of morning fogs [Pollack et al., 1979; Jakosky, 1985; Jakosky et al., 1988] and temperature inflection at the lander sites [Ryan and Shatman, 1981] . Figure 13 shows the estimated effect of vertical mixing of water into the almost saturated atmosphere. The figure shows the diurnal cycle in the water vapor column abundance for a period of 10 sols. There is a rapid increase in the water vapor column abundance around noon because the The "leakage" from the boundary layer upward, that is, a loss from the diurnal cycle of cold trapping, can be estimated as follows: a 0 probability that a water molecule will be redeposited in a cold trap within one day is approximately the product of (1) a a fraction of surface covered by cold traps, (2) a "sticking" coefficient for water molecule in a water frost (which we assume at these temperatures to be close to one, about 0.8 [Adamson, 1982] atmospheric thermal boundary layer approaches its highest The numerical diffusion model (shown in Figure 13 ) with temperature then. Afterward, there is a slow decrease in the the parameters for mixing in the boundary layer as prewater vapor column abundance because the thermal bound-sented in the previous section gives a diurnal cold trapping ary cools down and the water vapor is redeposited from the efficiency equal to 0.9 and thus confirms the estimate above. Second, there is no comparable increase in the atmospheric water vapor column during the transition, not until about 20 ø L8 later. In the meantime, the water had to be stored somewhere because we see disappearance of the continuous frost coverage. This is consistent with the most of water stored in the cold traps as a frost.
Third, there is not much chance of water vapor being advected quickly (i.e., within a few sols) to the lower latitudes.
The vertical mixing in the boundary layer of the almost saturated winter atmosphere is very limited, and therefore water vapor cannot get into higher altitude and thus being transported globally. It has to stay close to the ground where chances of hitting the surface at the cold traps is close to one on diurnal time scale.
From these three arguments, we can conclude that our hypothesis about cold trapping of water frost at the VL 2 site is consistent with the quantitative tests described in this 
